The interaction of singlet oxygen ( 1 O 2 ) generated in a photosensitized process with well-known reference photosensitizers Perinaphthenone (PN) and TMPyP is investigated in a model system consisting of fatty acids and the respective exogenous photosensitizer ( O 2 with cellular components to further improve methodologies, in particular at a cellular level using luminescence spectroscopy. In conclusion, luminescence detection might be a helpful tool to monitor precisely and promptly changes in oxygen concentration in a complex environment.
Introduction
Molecular oxygen is, without doubt, a very essential molecule on earth. 1 O 2 has a unique and rich chemistry that is substantially different from that of 3 O 2 and other reactive oxygen species (ROS). 4 In photodynamic therapy (PDT) biological tissue that is undesired, such as tumor or bacterial infected tissue, is destroyed with high specificity. 6,7 1 O 2 is known to play the major role in PDT. 8 The cellular processes that involve 1 O 2 have not yet been fully understood, in particular in photo-induced cell death, e.g. the oxidation of certain proteins and fatty acids. 2, 3, 6, 9 However, generation of 1 O 2 can immediately change its environment, in particular in biological cells that consist of proteins and lipids which can chemically react with 1 O 2 . 10, 11 A direct and precise method to detect 1 O 2 is the measurement of its luminescence at about 1270 nm, which has been frequently applied. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In order to gain a detailed insight into the interaction of a photo-activated PS with molecular oxygen, the measurement of the complete time dependence of 1 O 2 luminescence is a powerful tool. 20 To evaluate the luminescence signals, the well-known theoretical model reported by Parker et al. is used, 21, 22 which describes the time-dependent population of the triplet T 1 state of a PS and the subsequent generation of 1 O 2 by energy transfer.
In the past years, the technology and therefore the sensitivity of optical detectors have substantially improved. Despite the very low quantum efficiency of radiative transition from 1 and even in living cells or bacteria. [12] [13] [14] 17, 23 At a single cell level, Kuimova et al. showed a dramatic increase in intracellular viscosity upon generation of 1 O 2 using the direct luminescence detection. 10 Nevertheless, the interpretation of the luminescence signals and the respective conclusions remain challenging and sometimes puzzling, because many parameters influence the course and the meaning of such luminescence signals at the same time. Physical and chemical quenching of 1 
Materials and methods

Preparation of solutions
5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine (TMPyP) (Sigma-Aldrich, Steinheim, Germany) or Perinaphthenone (PN) (Acros Organics, Belgium, purity 97%) were dissolved in ethanol. Stearic acid, oleic acid, linoleic acid, and linolenic acid (all purity B99%) were dissolved in ethanol to yield a final concentration of 50 mmol L
À1
. All fatty acids were purchased from Sigma-Aldrich (Steinheim, Germany).
Absorption spectra
The absorption cross-section of the photosensitizers was measured at room temperature with a Beckman DU640 spectrophotometer (Beckman Instruments GmbH, Munich, Germany) using a quartz cuvette (QS-101, Hellma Optik, Jena, Germany).
Oxygen concentration in solution
The oxygen concentration in solution was measured in the cuvette using a needle sensor (MICROX TX3, PreSens GmbH, Regensburg, Germany). Data sampling was accomplished at 1 Hz, and the shown curves were smoothened using a bi-square routine.
Luminescence experiments
All solutions were transferred into a cuvette (QS-101, Hellma Optik, Jena, Germany). The sensitizers were excited using either a frequency-doubled or tripled Nd:YAG laser (PhotonEnergy, Ottensoos, Germany) with a repetition rate of 2.0 kHz (wavelength 532 nm (TMPyP) or 355 nm (PN), pulse duration 70 ns). The 1 O 2 luminescence at 1270 nm was detected in the nearbackward direction with respect to the excitation beam using an infrared sensitive photomultiplier (R5509-42, Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany) with a rise time of about 3 ns. The details of the setup are described elsewhere. 31 The luminescence signal was detected at 1270 nm using an appropriate interference filter (FWHM 10 nm) in front of the photomultiplier.
Determination of singlet oxygen luminescence decay and rise time
The luminescence intensity of 1 O 2 is given by 21 IðtÞ
The constant C was used to fit the luminescence signal and is a product of the oxygen concentration (1) from t = 0 -N yields the luminescence energy. For better comparison, the integral value was calculated per mole of the respective substance. All rates and rate constants of the entire differential equation system are dependent on b 1 and b 2 (see eqn (2) and (3) below). To determine the rates and rate constants of the entire system (photosensitizer and oxygen molecule) three series of measurements have to be performed. Therefore, the time-resolved singlet oxygen luminescence is detected at different photosensitizer, oxygen or quencher concentrations and fitted to obtain b 2 and b 1 as described above. Firstly, the underlying differential equations are solved using different values for rates and rate constants to approximate the experimentally obtained rates b 1 and b 2 (solid lines in Fig. 4-6) . Secondly, that fitting procedure yields the theoretical values of K T 1 and K D . In our study it is shown that the theoretical values deviate from the experimentally obtained data at high oxygen and high photosensitizer concentrations due to oxygen consumption and this allows monitoring of oxygen consumption. The evaluation of the data is described in detail by Baier et al.
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Results and discussion O 2 itself during the time span that is necessary for its detection. As a first approach to this complex environment, we evaluated a basic model that contained the PS in solution, oxygen and fatty acids, whereas the latter played the role of oxygen consumers. Fatty acids such as oleic and linoleic acid are common constituents of many cellular membranes. 33 As a first step, we quantified the extent of oxygen consumption. The PS was added to ethanol solutions that contained fatty acids with different number of double bonds but with the same chain length. The concentrations of stearic acid (18 : and with the different fatty acids at 355 nm (100 mW). During the time span of 10 min irradiation, the oxygen concentration decreased and the decrease was maximal for the fatty acid with three double bonds (linolenic acid) (Fig. 1a) . The decrease of oxygen concentration in the suspension could be fitted with the zero-order equation for photochemical reactions within the first 4 min. The fits yielded the respective consumption of oxygen per second, which are listed in Table 1 . After that time, the fit clearly deviates from the data points, whereas the complete time span could not be fitted by any other order of reactions. Obviously, other processes occur in solution during the long-lasting irradiation. Without fatty acids, irradiation of PN in ethanol showed oxygen consumption (Fig. 1a) yielding a rate constant of 0.6 mmol L À1 s À1 (Table 1) . Kuznetsova et al. have already
shown chemical alteration of PN in ethanol, whereas PN is reduced to a ketyl radical which can interact with oxygen and alcoholic radicals leading to oxygen consumption in the system only by the ketyl radical (compound 1a in Fig. 2 ). 34 The reaction products are hydroxyphenalenone and a-hydroxyethylphenalenone (compound 8 and compound 2 in Fig. 2, respectively) . It was likewise assumed that PN abstracted hydrogen from the solvent by its excited triplet T 1 state leading to hydroxyethyl radicals (Fig. 2 ). Fig. 3 ) is added to (a). 
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When adding stearic acid as a fatty acid without any double bonds to PN solution, the rate of oxygen consumption increased to 0.9 mmol L À1 s À1 (Fig. 1a) . After light absorption by PN, the energy is rapidly transferred to its triplet state yielding two major options: either energy is transferred to generate 1 O 2 or hydrogen is abstracted from the solvent ethanol to generate ketyl radicals that interact with oxygen and cause oxygen consumption (Fig. 2) . Regarding the subsequent process of oxygen consumption, stearic acid with no double bonds cannot chemically quench oxygen resulting in oxygen consumption in the solution. However, the stearic acid offers a substantial amount of hydrogen atoms, which additionally can be abstracted by the PN triplet T 1 state. As a consequence, this could enhance the generation of ketyl radicals that additionally can trap oxygen leading to oxygen consumption (Fig. 2) .
When adding fatty acids with double bonds to PN solution (oleic, linoleic or linolenic acid, 50 mM), O 2 molecules per second in our experimental setting. A fraction might be physically deactivated by e.g. the solvent molecules.
The values in Table 1 show that oxidation of fatty acids with double bonds such as oleic acid increased the oxygen consumption only to a small extent, from 0.9 mmol
. In addition, the rate did not correlate with the number of double bonds (Table 1) . To elucidate this process, we performed the experiments with the photo-stable TMPyP to generate TMPyP in pure solution is physically and chemically stable even under long-lasting irradiation at 532 nm causing no oxygen consumption (data not shown). Oxygen consumption is zero in the presence of stearic acid within experimental accuracy. In the presence of the different fatty acids during irradiation, Fig. 1b shows a linear decrease of oxygen concentration in solution for long irradiation times. Compared to oleic acid (1.2 mmol L À1 s À1 ), the rate constant for linoleic acid is nearly doubled due to the presence of two isolated double bonds that lead to a higher reactivity towards 1 O 2 . In the case of linolenic acid (three double bonds), the rate constant is tripled as compared to oleic acid (Table 1 ). In conclusion, oxygen consumption with photostable TMPyP correlates with the number of double bonds. However, after having established that there is oxygen consumption during irradiation of PN in ethanol at 355 nm, in the following paragraph the reference photosensitizer PN is further investigated using the above-mentioned experimental settings. The aim is to gain more insights into the complex system consisting of a photounstable and oxygen consuming PS.
Singlet oxygen generation of PN in pure ethanol solutions
To elucidate further the properties of PN during 1 10 s) at regular time intervals (3 min) during the continuous irradiation time of 30 min. We quantified the signal by temporal integration of the luminescence signal (Fig. 3) (Fig. 1a) . The apparent photoinstability of PN for long irradiation times (minutes) should also be responsible for the lack of correlation between the rate constant of oxygen consumption and the number of double bonds in the respective fatty acid (Table 1) . When using photounstable PS such as PN, it is recommended to investigate the photophysical properties under the given experimental conditions and optimize given parameters such as irradiation intensities and irradiation times (minutes). The next paragraph shows that under optimized conditions the photophysical parameters such as the rate and rate constants of the given system PN in ethanol are not influenced and further do not influence data interpretation in more complex systems. The latter describes the coupled system (energy transfer) of PS and oxygen, which is described in detail elsewhere. 21 When taking the previous results with PN into account, the experiment was performed under two different conditions in order to optimize the experimental conditions and in order to investigate the potential influence of the decomposition of the PN molecule on the rise and decay rates. Firstly, we used a short exposure time of 10 s and the solution was exchanged after two measurements. Secondly, we performed the same experiment without exchanging the PN solutions during the entire procedure and extended the luminescence detection time from 10 to 20 s. The rates were measured at different oxygen concentrations (0 to 1.85 mmol L À1 ) by flowing the solution with nitrogen prior to irradiation. The actual oxygen concentration in solution was measured using the needle sensor. 36 Using the differential equation system, 21 we calculated the theoretical values for a known and constant oxygen concentration and fitted them to experimental values (solid lines in Fig. 4) . In both experimental settings, the values of b 1 and b 2 did not change in spite of the beginning degradation of the PS. In the inset of Fig. 4 the measured values at low oxygen concentrations are depicted. Thus, the change in PN molecules does not affect the evaluation of the rates and rate constants of the coupled differential equation system when using our experimental conditions, in particular short irradiation times.
In addition, the rates b 1 and b 2 of the luminescence signal of . Here, the rates and rate constants were not affected by the photoinstability of PN. In light of these results and using the appropriate experimental setting, we now can neglect effects of PN photoinstability and subsequent oxygen consumption on our luminescence detection. As a consequence, linoleic acid with two double bonds was added to solution to investigate the dependence of the rate and rate constants in systems that can chemically quench which is pertinent to biological systems such as single cells or cell suspensions. Fig. 5a ), in particular at high oxygen concentrations. As already mentioned above, oxygen is consumed by PN and oxidizable fatty acids. 25 At high oxygen concentrations and assuming no energy back transfer, 21 the meanings of the rates b 1 and b 2 are as follows:
In eqn (2) and (3), [P] represents the photosensitizer concentration and [Q] represents the quencher concentration. Eqn (2) shows that K T 1 and thus b 1 depend on the oxygen concentration. Any change in the local oxygen concentration during measurement will be reflected in the rise rate. In contrast to K T 1 (b 1 ), the decay rate K D (b 2 ) is independent of the oxygen concentration.
Furthermore, the oxygen consumption is maximal in the center of the excitation beam in the middle of the cuvette. This change in local oxygen concentration causes a gradient of oxygen concentration that should be balanced by oxygen diffusion. 10, 37 The small diffusion coefficients for oxygen in solvents may hamper the diffusion-controlled process of 37 at 303 K and the laser spot size in the cuvette is 8 mm.
Thus, oxygen redistribution lasts several minutes. A magnetic stirrer was switched on during irradiation to minimize the effect of the oxygen gradient. Now, the detected rise rates b 1 of 1 O 2 luminescence fitted better to the theoretical lines (Fig. 5b) .
It is assumed that such an enforced oxygen redistribution should fail inside living cells or bacteria, in which the diffusion coefficient is even smaller as compared to pure solvents. 38 Thus, it is important to consider oxygen consumption when detecting and interpreting 
Luminescence experiments at different PN concentrations
The effect of oxygen gradients was investigated in the following experiment. PN was exemplarily added (up to 50 mmol L À1 ) to solutions of linoleic acid (50 mmol L À1 ). We determined the (Fig. 6) . Thus, the deactivation of the triplet T 1 state corresponds to a local oxygen concentration of 310 mmol L À1 , which is confined to the laser beam inside the cuvette. The time span of 1 O 2 generation and its detection was 5 s.
This yields a rate constant of 12 mmol L À1 s À1 for oxygen consumption. This value is larger as expected when considering the values determined above with about 1.6 mmol L À1 s À1 for linoleic acid using the needle sensor. Thus, the portion of fatty acid molecules that undergo peroxidation should be clearly higher in the center of the excitation beam as assumed above. Obviously, the rate K T 1 of the luminescence signal seems to be a precise and fast detector of oxygen concentration at the site of 1 O 2 generation.
Conclusion
The photophysical and photochemical stability is a major prerequisite for all PS when applied in any kind of photodynamic processes such as PDT or when applied in generation close to unity, PN is frequently used as a reference PS, however, long time irradiation should be avoided in ethanol solution. The molecule is photo-unstable consuming oxygen via radical reactions, in particular abstracts hydrogen from other molecules (e.g. fatty acids). However, by optimizing experimental conditions such as short time excitation of a few seconds, PN is sufficiently photo-stable to be used in experiments with 1 
